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Abstract 
A balanced portfolio of mitigating power generation technologies is required to meet global CO2 
reduction targets, of which Integrated Gasification Combined Cycle with CO2 Capture and Storage 
(IGCC-CCS) from coal is one. The sour water gas shift (WGS) reaction is a key conversion step in the 
IGCC-CCS process and is responsible for about 44% of the efficiency penalty that CCS would confer on 
IGCC with current technology, due principally to the diversion of steam from steam turbines to the shift 
process. A multi-faceted development program has been undertaken to drive down this penalty, 
considering different reactor types, new catalyst formulations and process integration. Process evaluation 
has shown cost of electricity (CoE) reductions of 3-4% with the combination of significantly reduced 
steam addition and the utilisation of improved reactor designs with initial catalyst performance data.  
Higher reductions in CoE of up to 7% are obtainable, dependent upon the gasifier selection. This 
translates to reductions of up to US $8/MWh for power production on the most efficient flow-sheets. 
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1. Introduction and Project Objectives 
 
Coal accounts for 41% of global power generation capacity in the world today [1]. In order to meet 
global CO2 reduction targets it will be necessary to employ a balanced portfolio of mitigating power 
generation technologies.  Integrated Gasification Combined Cycle with CO2 Capture and Storage (IGCC-
CCS) from coal is a uniquely advantaged technology for the generation of low-carbon power since it 
produces hydrogen as a decarbonised fuel.  However, studies have shown that deploying CCS would 
incur an 8-9% point efficiency drop on the IGCC process [2, 3].  
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The sour water gas shift (WGS) reaction is a key conversion step in the IGCC-CCS process in which 
carbon monoxide produced by the gasification of the fuel is reacted with steam to produce additional 
hydrogen and CO2 in the presence of H2S.  Excess steam is conventionally utilised by the WGS process in 
adiabatic, fixed-bed reactors in order to: 
 
Drive the reaction equilibrium to consume the carbon monoxide; 
Limit the temperature rise produced by the exothermic heat of reaction; 
Minimise side reactions, such as methanation which would otherwise decrease the amount of CO2 
available for capture.  
 
The sour shift component is responsible for approximately 44% of the efficiency penalty that CCS 
would confer on IGCC with current technology, due principally to the diversion of steam from steam 
turbines to the shift process, as shown in Figure 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     Fig. 1 - Contribution of Sour Shift to energy efficiency penalty for IGCC with CCS [3] 
A diagram of a typical gasification process illustrating incorporation of the sour shift and the preferred 
flow of steam through the IGCC is in Figure 2. A similar configuration can be applied to Coal to 
Chemicals processes, also shown. These processes can suffer a significant efficiency penalty (eg up to 0.9 
GJ/te methanol), when employing sour shift technology through using involuntary process steam.  
 
A program of collaborative work by BP and Johnson Matthey, with support from the UK Technology 
Strategy Board was instigated to develop an enhanced WGS process to drive down this penalty, 
considering different reactor types combined with improved catalyst performance and process integration.  
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Fig. 2 - A schematic of how the step-change Sour Shift impacts on the IGCC-CCS process. 
A catalyst development program focusing on optimising new catalyst formulations was run 
concurrently with studies of alternative process configurations, providing validation and developmental 
data for the flow-sheet/reactor combinations.  The objective of the project was to reduce the overall CoE 
for IGCC+CCS by at least 3%.  Cost and efficiency improvements have previously been proposed at this 
level, however, these are reliant on the integration of several process enhancements rather than just the 
sour shift process alone [4].  This paper details the methodology adopted in pursuit of the target and 
reveals some key initial results in the IGCC-CCS process development. 
 
 
2. Flowsheeting and Reactor Design Study 
2.1. Base Case Development 
The flowsheet development work was base-lined with state-of-the-art IGCC-CCS plant designs, 
utilising two available gasifier technologies (“Shell dry feed” gasifier and “GE slurry feed with minimum 
quench” gasifier) with conventional WGS reactor designs and Selexol™ for H2S and CO2 separation.  
The IGCC+CCS flowsheets from the NETL 2007 study[2] were reconstructed in ASPEN™ to provide a 
process heat and mass balance for efficiency evaluation, equipment sizing, capital and operating cost 
estimation.  This data was then used in economic modeling to evaluate the CoE of the two base cases, 
which were later used as bench-marks to compare against IGCC-CCS plants integrated with new 
technology options.  A comparison of our internal modeling, using the NETL report information, and the 
numbers for the two gasifier base cases, according to this project’s design basis and assumptions, is 
shown in Figure 3. 
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Fig. 3 - Comparative CoE figures for NETL study and this project 
An analysis of the data demonstrated that economic assumptions have only a small impact on CoE 
estimation and that the capital cost estimates and factors for the power island, Air Separation Unit (ASU) 
and Heat Recovery/Steam Generation (HRSG) have a much larger impact.  The estimates used within our 
study were bench-marked against BP and JM’s internal data. In both gasifier cases, the NETL report 
seems to have estimated the lowest cost. The cost base lines used in further comparative work with 
development flow-sheets were those corresponding to the current project assumptions and design basis 
data. The base-line efficiencies for the flowsheets based on the GE and Shell gasifier technologies were 
established at 33% and 34% respectively.  The base-line steam to CO molar ratios (St:CO) were 
respectively 2.5 and 2.0 for GE and Shell flow-sheets, and overall CO2 capture was set at 85%. 
 
2.2. Key Technology Challenge 
The economics of the sour shift process are affected by the trade-off between reduced capital cost 
(Capex) , which is strongly linked to the required catalyst volumes, at higher St:CO ( typically >2.0), 
versus lower energy and operating cost (Opex)and higher Capex cost (catalyst volumes) at lower St:CO. 
 
An important consideration is the catalyst selectivity to an undesired byproduct – methane. Figure 4 
shows how current technologies mitigate against such methanation. Usually, sour shift processes are 
typified by excess steam addition to dilute the exothermic heat release of the shift reaction so as to reduce 
the peak temperature and consequential tendency to form methane. Alternatively, a strategy of only using 
a small quantity of steam in the initial shift stage can be applied, so limiting the maximum temperature 
rise due to the shift reaction. This ‘steam-deficient design’ is most appropriately applied to dry feed 
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gasifiers, which produce raw syngas with substantially sub-stoichiometric St:CO. Furthermore, a 
significantly larger catalyst inventory is needed. Gasifier development is trending towards production of 
syngas with a St:CO in the region of  1.1-1.5. Within this region, the initiation of the methanation reaction 
is a key consideration due to the higher adiabatic temperature rise of the shift reaction alone (see Figure 
4). The solution to this problem may be achieved by a combination of methanation selectivity control 
(achieved via catalyst design) and/or temperature control (via process/reactor design). 
 
 
 
 
 
 
 
 
 
 
Fig. 4 - Adiabatic Exit Temperature Profile versus the St:CO ratio for the WGS Reaction 
2.3. Process of Discovery 
New process and reactor designs were developed in parallel in a cross-disciplinary effort to find a new 
combination to manage the enhanced water gas shift reactivity associated with the new catalyst 
formulations, so as to maximise their potential in low steam WGS conditions. A range of reactor types 
was assessed for both high temperature and low temperature operation.  The process innovation program 
produced more than 80 combined flow and reactor schemes to integrate the WGS more efficiently into 
the IGCC-CCS process.  The flow schemes and reactor configurations for sour shift were screened.  The 
short-listed concepts were then scored against key criteria including:  
Energy efficiency and CoE improvement  
Capital cost reduction 
Technical risks including environmental , health, and safety performance 
Operability 
 
The process innovation program was run in concert with a catalyst development program employing 
high throughput methodologies to develop performance-targeted catalysts suited to the new operating 
conditions in these schemes.  Initially over 150 candidate formulations were screened at small scale using 
powdered catalyst. Figure 5 shows example results from the screening for candidate catalysts to operate 
in the high temperature region. 
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The most successful of these were selected for further testing as full-sized catalyst pellets – at high 
temperature with a combination of high shift activity and low methanation activity, and at low 
temperature with high shift activity.  It was established over short term operation that there was no rapid
de-activation of the catalyst types selected.
Fig. 5 - Relative shift and methane activity for screened catalyst samples at high temperature
3. Results and Discussion
3.1. Process Development
Simulation and Capex estimation showed CoE reductions improved when there are significant cuts in
steam addition to the process. Figure 6 shows the relationship for the Shell gasifier, where it was optimal 
to add steam to obtain a St:CO ratio of approximately 1.1 for a wide range of catalyst activity. Further
steam reduction causes significant increases in catalyst volumes due to thermodynamic limits on shift
conversion.  For the GE gasifier, the optimum was found to be with no steam addition (St:CO of ~1.36).
Fig. 6 - Plot of CoE for Shell gasifier case indicating the optimum St:CO ratio
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3.2. Reactor Development 
The potential for developing a catalyst, with very low methanation activity, was considered.  This 
would effectively allow the use of existing adiabatic reactor technology to be maintained, without high 
temperatures leading to a methanation exotherm. A gas-cooled converter (GCC) concept was identified as 
an excellent process option to significantly reduce the peak operating temperature with minimal loss in 
quality of heat recovery [5]. 
 
The GCC concept utilises the cool, scrubbed syngas feed flow as the heat removal fluid as it passes 
through tubes within the catalyst bed.  A typical flow-sheet arrangement utilising a GCC, with the option 
of a guard / pre-shift reactor is shown in Figure 7 [6], featuring a GCC with co-current tube-side and 
shell-side gas flows for the GE case with no extra live steam addition. The resulting GCC catalyst 
temperature profile is cooler and results in more effective catalyst utilisation.  Compared to an equivalent 
adiabatic bed, which requires the shift process to run at up to ~440°C outlet temperature, a GCC can be 
designed for a peak operating temperature between 380-420°C, depending on its specific design for heat 
transfer.  Typical temperature profiles for tube and shell-side of a co-current GCC are shown in Figure 8. 
 
The GCC concept has significant inherent benefits including: 
 
Lower peak temperature; reduced methanation reaction rate. 
Combined reaction and heat transfer in one vessel shell. 
Lower temperature operation and design temperature compared to adiabatic beds reduces vessel cost. 
Integrated heat removal pushes the reaction equilibrium further and reduces overall catalyst volume 
requirements. 
Provenness in other applications. 
 
 
 
 
 
 
 
 
 
 
Fig. 7 - The co-current GCC reactor as employed for the GE gasifier case, with no extra steam addition [6] 
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Fig.  8 - Typical temperature profile for a co-current gas-cooled converter [5,6] 
3.3. Results to Date 
The development program has found that CoE reductions of more than 3% are achievable with the 
combination of significantly reduced steam addition and the utilisation of improved reactor designs.  
Higher reductions in CoE of up to 7% are obtainable, dependent upon the gasifier case and improvement 
in catalyst performance.  This translates to reductions of up to US $8/MWh for power production on the 
most efficient flow-sheets.  The most efficient and cost competitive flow-sheets were found to be those 
that utilise gas cooled converters (or adiabatic reactors, if using a catalyst with a very low methanation 
reactivity). 
 
 
4. Conclusion 
 
A comprehensive study to develop a step-change sour shift technology for IGCC+CCS flow-sheets is 
nearing completion.  The work has been carried out alongside a catalyst development program, which has 
identified a number of promising catalysts.  Flow-sheet analysis and simulation, together with a thorough 
reactor development program has demonstrated that gas cooled converters provide an efficient water gas 
shift technology to deliver a low steam sour shift process with low operating temperatures to minimise 
undesirable side reactions. 
 
CoE reductions of more than 3% are achievable with the combination of significantly reduced steam 
addition and the utilisation of improved reactor designs. Higher reductions in CoE of up to 7% are 
obtainable, dependent upon the gasifier case and improvement in catalyst performance. 
 
Further development and demonstration work is underway to bring the development program 
technology to successful commercialisation.  Work is underway testing longer term performance of 
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scaled-up formulations of the identified catalysts.  It is conceivable that the efficiencies identified from 
this work can be improved by a further 1-2% by employing a combination of improved unit operation 
technologies. 
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